For the important livestock pathogens classical swine fever virus (CSFV) and bovine viral diarrhea virus (BVDV), cytopathogenic (cp) and non-cp viruses are distinguished according to the induction of apoptosis in infected tissue culture cells. However, it is currently unknown whether cp CSFV differs from non-cp CSFV with regard to virulence in the acutely infected host. In this study, we generated helper virus-independent CSFV Alfort-Jiv, which encompasses sequences encoding domain Jiv-90 of cellular J-domain protein interacting with viral protein (Jiv). Expanding the knowledge of BVDV, our results suggest that Jiv acts as a regulating cofactor for the nonstructural (NS) protein NS2 autoprotease of CSFV and initiates NS2-3 cleavage in trans. For Alfort-Jiv, the resulting expression of large amounts of NS3 correlated with increased viral RNA synthesis and viral cytopathogenicity. Moreover, both cp Alfort-Jiv and the parental non-cp CSFV strain Alfort-p447 efficiently replicate in cell culture. Animal experiments demonstrated that in contrast to parental non-cp Alfort-p447, infection with cp Alfort-Jiv did not cause disease in pigs but induced high levels of neutralizing antibodies, thus elucidating that cp CSFV is highly attenuated in its natural host. In contrast to virulent Alfort-p447, the attenuated CSFV strain Alfort-Jiv induces the expression of cellular Mx protein in porcine PK-15 cells. Accordingly, the remarkable difference between cp and non-cp CSFV with regard to the ability to cause classical swine fever in pigs correlates with different effects of cp and non-cp CSFV on cellular antiviral defense mechanisms.
Pestiviruses are important livestock pathogens that belong to the family Flaviviridae, which also comprises the closely related human Hepatitis C virus as well as flaviviruses like Yellow fever virus and West Nile virus (32) . The genus Pestivirus includes the species Bovine viral diarrhea virus 1 (BVDV-1), BVDV-2, Border disease virus (BDV), Classical swine fever virus (CSFV), the tentative species Giraffe virus, as well as several additional unassigned viruses from wild ruminants (15) . CSFV causes classical swine fever (CSF), one of the economically most important diseases in pigs worldwide. Pestiviruses are small enveloped particles encompassing a single-stranded RNA genome of positive polarity with a length of about 12.3 kb. The viral genomic RNA is neither capped nor polyadenylated and contains one large open reading frame (ORF) flanked by 5Ј and 3Ј nontranslated regions (NTRs), which harbor cis-active elements essential for viral translation and replication. The ORF encodes a polyprotein of approximately 3,900 amino acids (aa) that is co-and posttranslationally processed by cellular and viral proteases to the mature viral proteins (32, 44, 52, 73) .
For pestiviruses, cytopathogenic (cp) and non-cp strains are distinguished by their ability to cause a cytopathic effect (CPE) in susceptible cell cultures (28, 43) . The majority of pestiviruses isolated from their hosts are non-cp. With the exception of rare, highly virulent non-cp BVDV-2 strains causing severe disease including a hemorrhagic syndrome in cattle, acute infections with non-cp BVDV and BDV strains usually result in only mild or no clinical symptoms in nongestating cattle and small ruminants. For CSFV, highly virulent strains causing CSF with high mortality in pigs as well as moderate-and low-virulence strains have frequently been described.
The biological significance and molecular aspects of viral cytopathogenicity have been extensively studied for BVDV. It is well known that cp BVDV strains evolve mostly by nonhomologous RNA recombination in animals persistently infected with non-cp BVDV and comprise various genomic alterations including insertions of cellular mRNA sequences as well as duplications and deletions of viral sequences (e.g., see references 6, 9, 10, 12, 47, 49, and 72). Unlike non-cp BVDV, the cytopathogenicity of cp BVDV correlates with the efficient release of nonstructural (NS) protein NS3 at late phases of infection. The emergence of cp BVDV in persistently infected animals is crucial for the induction of lethal mucosal disease in cattle (17, 18) . However, acute infections of naive, not persistently infected animals with cp BVDV strains do not cause such disease and usually result in no or only mild symptoms of disease.
In contrast to BVDV, cp CSFV strains were rarely identified (22, 29, 41, 75) . Interestingly, all cp CSFV field isolates analyzed so far consist of a non-cp CSFV helper virus together with a cp viral subgenome that lacks the genomic region encoding the structural proteins as well as the NS proteins N pro , p7, and NS2 (2, 36, 51) . In addition, several studies reported on the generation of helper virus-independent (HVI) cp CSFV.
However, either the respective virus strains were not genetically stable (27) or their cytopathogenicity was limited to certain virus-cell line combinations (4, 34, 48, 67) . So far, nothing is known about the virulence of HVI cp CSFV inducing a CPE on different standard cell lines.
In the present study, we generated HVI cp CSFV Alfort-Jiv by introducing sequences encoding domain Jiv-90 of cellular J-domain protein interacting with viral protein (Jiv) between the N pro and capsid genes of non-cp CSFV Alfort-p447. Analyses in tissue culture cells demonstrated that the cytopathogenicity of Alfort-Jiv correlated with efficient NS2-3 cleavage and the expression of large amounts of NS3, suggesting that Jiv-90 activates the CSFV autoprotease NS2 in trans. Animal experiments elucidated that in contrast to parental non-cp CSFV Alfort-p447, cp CSFV Alfort-Jiv is highly attenuated in its natural host. Finally, analysis of expression of the Mx protein in infected porcine PK-15 cells revealed that the difference in virulence between non-cp and cp CSFV correlates with the ability or inability to counteract cellular antiviral defense.
plate, and oligonucleotides Alfort-T7-NotI-1 and Alfort-BsmbI-NproR were used. In consequence, cDNA clone 2 contains an NheI site followed by a T7 RNA transcription promoter and pAlfort-p447-derived cDNA sequences that correspond to the viral 5Ј NTR, the complete autoprotease N pro gene, and the first 4 nucleotides (nt) of the capsid gene that are followed by a reversed and complementary BsmBI site. cDNA clone 3 was generated by use of oligonucleotides CP8-BsmBI-C* and CP8-BsmBI-Npro*R. Here, cDNA clone 12 (55) containing cp BVDV CP8-derived sequences served as a template. The resulting cDNA clone 3 contained a BsmBI site followed by the last 2 nt of the pAlfortp447 N pro gene, the complete CP8-derived C*-N pro * insertion (with the last nucleotide silently mutated from C to T) ( Fig. 1) (55) , the first 4 nt of the pAlfort-p447 capsid gene (of which the first codon was silently mutated from TCC to AGC), and a reversed and complementary BsmBI site. Note that in contrast to the previously reported C*-N pro * sequence (55), codon 37 of JivI is GTG instead of GCG, thus resulting in a deduced amino acid change from A to V. For PCR 4, pAlfort-p447 served as a template, and oligonucleotides AlfortBsmBI-C and CST-57 were used. The resulting cDNA clone 4 contains a BsmBI site, which is followed by pAlfort-p447-derived sequences including the last 2 nt of the pAlfort-p447 N pro gene (of which the last nucleotide was silently changed from C to T), the complete capsid gene, and most of the glycoprotein E rns gene. Note that the first codon of the capsid gene was silently mutated from TCC to AGC; this serine codon serves as a genetic marker for Alfort-Jiv (Fig. 1) . The cDNA sequences of clones 1 to 4 were controlled by nucleotide sequencing. Subsequently, cDNA clones 1 to 4 were digested with NotI/SbfI (position 1516) (clone 1), NotI/BsmBI (clone 2), BsmBI/BsmBI (clone 3), and BsmBI/ SbfI (clone 4), respectively, and the four resulting cDNA fragments of about 5.6 kb (clone 1), 0.9 kb (clone 2), 1.5 kb (clone 3), and 0.6 kb (clone 4) were directly ligated into 8.6-kb cDNA clone 5. Finally, for the construction of infectious full-length cDNA clone pAlfort-Jiv, the cDNA clone 5-derived NotI/SbfI fragment of about 3.1 kb was introduced into pAlfort-p447 precut with NotI/SbfI. Further details on cloning procedures and sequences of the oligonucleotides used are available on request.
In vitro synthesis of RNA. After the complete digestion of plasmids pAlfortp447 and pAlfort-Jiv with SmaI, linearized DNA was extracted with phenolchloroform and precipitated with ethanol. RNA was transcribed by use of T7 (Ambion, Austin, TX) DNA-dependent RNA polymerase using standard conditions. The quality and amount of RNAs were controlled by ethidium bromide staining after agarose gel electrophoresis. RNA transcripts used for transfection contained Ͼ80% of intact RNA.
Transfection of synthetic viral RNA. For transfection, the confluent SK-6 cells from a dish that is 10 cm in diameter were treated with trypsin, resuspended in 0.4 ml of phosphate-buffered saline without Ca 2ϩ and Mg
2ϩ
, and mixed with about 2 g of in vitro-transcribed viral RNA immediately before the pulse (950 F and 180 V). For electroporation, a Gene Pulser II (Bio-Rad, Munich, Germany) apparatus was used. rns , E1, and E2) and NS proteins N pro , p7, NS2-3, NS4A, NS4B, NS5A, and NS5B are indicated. (Bottom) Genome organization of Alfort-Jiv containing an insertion of 1.539 kb (C*-N pro *) between the N pro and C genes of Alfort-p447. C*-N pro * is derived from cp BVDV strain CP8 and encodes a 513-aa fusion peptide encompassing fragments from viral sequences (C*, E rns *, and N pro *) and cellular sequences (JivI, JivII, and bovine homologue to human nuclear protein Hcc-1 [Hcc-1*]) (55) . The lengths of the bars are not drawn to scale. Positions of primers used for RT-PCR analyses to investigate the genetic stability of Alfort-Jiv are indicated above (Fig. 3B) and below (Fig. 3C ) the genomes, respectively. M, silently mutated first codon of C, a genetic marker for Alfort-Jiv. The sizes of Alfort-p447 and Alfort-Jiv are indicated in kilobases (kb) on the right. and stored at Ϫ70°C. Crystal violet staining of cells and determination of growth kinetics were performed as described previously (11) . For growth kinetics, cell culture supernatants from the first cell culture passage after transfection were used.
RNA preparation, Northern (RNA) hybridization, RT-PCR, molecular cloning, and nucleotide sequencing. Methods for RNA preparation, Northern (RNA) hybridization, RT-PCR, molecular cloning, and nucleotide sequencing were described previously (10, 27 Quantitative real-time RT-PCR. For comparative quantification of viral genomic RNAs, SK-6 cells were infected with supernatants from the second passage of CSFV strains Alfort-Jiv and Alfort-p447 at a multiplicity of infection (MOI) of 0.5; mockinfected SK-6 cells served as a negative control. Total cellular RNA was prepared 24 h p.i. Subsequently, photometric analyses were performed to determine the RNA concentration for each sample. Five microliters of each sample (containing 1.0 to 1.4 g RNA/l) was subjected to real-time RT-PCR analysis. For comparative quantification of viral genomic RNAs present in leukocyte preparations, about 1 g of RNA obtained from leukocyte samples was used. After RT using the reverse pestivirus-specific primer pv03R (5Ј-TCCATGTGCCATGTACAGCAG-3Ј), the 28S RNA-specific reverse primer 28s02R (5Ј-GGGTCGGGAGTGGGTAATTT-3Ј), and Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany), the quantitative real-time PCR was run using the AbiPrism7000 sequence detection system (Applied Biosystems, Branchburg, NJ) in the "Absolute Quantification" mode and Absolute QPCR Sybr green Rox mix (ABgene Ltd., Hamburg, Germany). For PCR amplification of CSFV-specific RNA, primer pair pv02 (5Ј-GTGGACGAGGGCA TGCC-3Ј [sense primer])/pv03R was used. Cycling conditions were 1 cycle (2 min at 50°C and 10 min at 95°C) followed by 40 cycles (15 s at 95°C and 1 min at 60°C). For comparative quantification of cellular 28S RNA, primer pair 28s02R/28s01 (5Ј-CG GAGAGGGAGCCTGAGAA-3Ј [sense primer]) was used in a separate reaction under the conditions described above. To compare the amounts of viral genomic RNA that accumulated in cells infected with CSFV Alfort-Jiv to that of parent strain Alfort-p447, we used the formula % RNA ϭ 1/(2 ⌬CT ) ϫ 100. Finally, the results obtained were relativized according to the different amounts of 28S RNA.
Indirect IF and immunoblot analysis. Infection with CSFV was detected by indirect IF with monoclonal antibody (MAb) A18 directed against glycoprotein E2 (78) . Immunoblot analyses were performed essentially as previously described (27) . For the detection of NS3 and NS2-3, MAb 8.12.7 (21), kindly provided by E. J. Dubovi (Cornell University, Ithaca, NY), was used. The antiMxA MAb M143 (24) was generously provided by O. Haller and G. Kochs (University of Freiburg, Freiburg, Germany). The antiserum against porcine interferon (IFN) regulatory factor 3 (IRF3) was kindly provided by N. Ruggli (Institute of Virology and Immunoprophylaxis, Mittelhäusern, Switzerland) (8) . For infections of SK-6 cells (detection of NS3 and NS2-3) and PK-15 cells (detection of IRF3 and MxA), cell culture supernatants from the first and second cell culture passage after transfection were used, respectively.
Experimental design of the animal study. The animal experiment was performed at the high-containment unit of the Institute of Virology, University of Veterinary Medicine, Hannover, Germany. Fifteen piglets aged about 6 weeks were purchased from a commercial pig breeder, tested for the absence of neutralizing antibodies against pestiviruses, and randomly allocated to three groups of five animals each. All piglets were housed in one building, with each group in a separate compartment. After 1 week of acclimatization under standard highsecurity conditions of the European Community Reference Laboratory for CSF, the animals were infected with either cp CSFV Alfort-Jiv (group 1, animals 36 to 40) or non-cp CSFV Alfort-p447 (group 2, animals 41 to 45) both intranasally and intramuscularly (1.0 ϫ 10 6 50% tissue culture infective doses [TCID 50 ] per route). Five uninfected animals served as a control (group 3). All piglets were monitored daily for clinical reactions including pyrexia. The clinical parameters were scored as described elsewhere previously; the scores ranged between 0 points (no clinical signs) and 27 points (most severe clinical symptoms) (53) . At days 0, 2, 4, 7, 10, 14, 21, and 28 p.i. as well as at the day of death, all animals were sampled for venous blood derived from the vena jugularis externa. EDTA blood samples (days 0, 2, 4, 7, 10, 14, 21, and 28 p.i.) and serum samples (days 0, 14, 21, and 28 p.i. and day of death) were used for the determination of leukocyte counts, viremia, RT-PCR analyses of leukocyte-derived RNA preparations, and virus neutralization assays. Animals 41 (day 21 p.i.), 42 (day 22 p.i.), and 45 (day 15 p.i.) were euthanized before the end of the animal experiment due to the manifestation of severe clinical disease. Animal 43, showing a chronic course of CSF, and animal 44, which recovered from disease, were euthanized by intravenous injection of pentobarbital (Narcoren; Merial, Halbergmoos, Germany) at days 43 and 44 p.i., respectively. All remaining animals were euthanized at day 29 p.i. After euthanasia, all animals were subjected to postmortem pathological examination according to the standard protocol of the European Community Reference Laboratory for CSF.
Leukocyte counts. Manual leukocyte counts were performed after erythrocyte lysis by 2% acetic acid using an improved Neubauer counting cell chamber.
Virus isolation from leukocytes. Leukocytes were prepared from EDTA blood samples by use of an EDTA-dextran solution according to the guidelines of the European Union diagnostic manual for CSF diagnosis and the technical annex accompanying it (1) and used for the inoculation of Rie 5-1 cells. Pestivirusspecific antigen was detected after one blind passage of the supernatant obtained from inoculated cells by a peroxidase-linked antibody assay (see below) according to the guidelines of the European Union diagnostic manual for CSF diagnosis (1) or by IF analysis (see above).
Virus neutralization assays. Virus neutralization assays were performed as a neutralization peroxidase-linked antibody assay according to the guidelines of the European Union diagnostic manual for CSF diagnosis and its technical annex (1) . CSFV Alfort-p447 and Rie 5-1 cells were used as a virus strain and cell line, respectively. Indirect immunostaining was performed with pestivirus-specific MAb BVD/C16 and a peroxidase-labeled secondary antibody (Dako, Hamburg, Germany).
RESULTS
Generation of CSFV Alfort-Jiv. The major goals of the present study were (i) to generate a genetically stable HVI CSFV strain that is capable to induce a CPE in various cell cultures and (ii) to investigate whether the cytopathogenicity of such a CSFV strain correlates with changes in virulence. With regard to data from a previous study, large duplications of viral sequences in the 3Ј terminal part of the viral genome resulted in the genomic instability of HVI cp CSFV strains upon 10 passages in tissue culture cells (27) . Alternatively, we now designed a CSFV strain carrying the sequences responsible for viral cytopathogenicity in the 5Ј terminal part of the viral genome. For the closely related BVDV, several cp strains that harbor genomic rearrangements together with insertions of cellular sequences in the 5Ј terminal genomic region were described previously (55, 56) . For cp BVDV strain CP8, a 1.539-kb insertion (C*-N pro *) is located between the N pro and C genes, which encodes a 513-aa fusion peptide consisting of fragments from viral sequences (C*, E rns *, and N pro *) and cellular sequences (JivI, JivII, and bovine homologue to human nuclear protein Hcc-1 [Hcc-1*]) (55) . In the BVDV system, the C*-N pro * fusion peptide induced efficient NS2-3 cleavage in trans, which correlated with the release of large amounts of NS3 and viral cytopathogenicity (55) . Accordingly, for the design of a new type of HVI cp CSFV, the CP8-derived cDNA fragment encoding C*-N pro * was precisely inserted between the N pro and C genes of the infectious cDNA clone of non-cp CSFV Alfort-p447, resulting in the generation of CSFV Alfort-Jiv (Fig. 1) .
Growth characteristics of CSFV Alfort-Jiv. To investigate whether CSFV Alfort-Jiv is infectious and able to induce a CPE in different cell lines, porcine SK-6 and bovine MDBK cells were transfected with about 3.0 g of synthetic Alfort-Jiv RNA. As controls, aliquots of both cell lines were either transfected with in vitro-transcribed RNA of parental non-cp CSFV Alfort-p447 or mock transfected. Twenty-six hours posttransfection, a CPE was detectable only in cells transfected with Alfort-Jiv RNA ( Fig. 2A and data not shown). Compared to VOL. 82, 2008 CYTOPATHOGENIC CSFV IS ATTENUATED IN VIVO 9719 porcine SK-6 cells, the transfection of bovine MDBK cells with Alfort-Jiv RNA resulted in a less severe CPE (data not shown). These observations confirm previously reported findings that bovine cells are less susceptible to infections with CSFV than porcine cells (63) and show reduced plaque sizes after infection with cp CSFV (27) . Furthermore, cell culture supernatants obtained from transfected SK-6 cells were used for infections of SK-6 cells and subsequent cell culture passages. Again, only cells infected with Alfort-Jiv showed a CPE characterized by cell lysis and the formation of plaques ( Fig. 2A) . Moreover, a similar CPE was also detected after infection of porcine Rie 5-1 and PK-15 cells with Alfort-Jiv (data not shown). In contrast, infections of SK-6, Rie 5-1, and PK-15 cells with non-cp CSFV Alfort-p447 did not result in a CPE ( Fig. 2A and data not shown).
To evaluate the growth kinetics of Alfort-Jiv in comparison to parental Alfort-p447, growth rates and virus yields were determined using SK-6 cells infected at an MOI of 0.5. Virus released into the medium was sampled over a 2-day period, and the respective virus titers were determined by light microscopy (Alfort-Jiv) and IF analyses (Alfort-p447 and Alfort-Jiv). For Alfort-Jiv, infectious virus titers determined by light microscopy and IF analysis were identical. The peak titer of Alfort-Jiv reached at 36 h p.i. was 2.2 ϫ 10 7 TCID 50 /ml (Fig.  2B) . At 48 h p.i., the titer decreased slightly, probably due to progressing cell lysis. For the parental non-cp CSFV strain Alfort-p447, the peak titer of 5.8 ϫ 10 6 TCID 50 /ml was reached at 24 h p.i. and did not significantly change until 48 h p.i. Similar results were obtained by two additional comparative analyses of the growth kinetics of Alfort-p447 and Alfort-Jiv (data not shown). Taken together, our analyses demonstrated that Alfort-Jiv is able to efficiently replicate in SK-6 cells and to induce a CPE on different porcine and bovine cell lines.
NS2-3 processing of CSFV Alfort-Jiv. The cytopathogenicity of pestiviruses including CSFV has been demonstrated to correlate with the expression of large amounts of NS3, the Cterminal part of NS2-3 (4, 9, 12, 27, 50, 51, 57, 71) . Therefore, free NS3 is a hallmark of cp pestiviruses. However, compared to non-cp BVDV, where NS3 is usually no more detectable after the first 12 h p.i. (39) , for non-cp BDV and non-cp CSFV strains, small amounts of NS3 can also be detected at later phases of infection (14, 51) . To study the expression of uncleaved NS2-3 and free NS3 in cells infected with cp CSFV Alfort-Jiv, an immunoblot analysis was performed. The results of this analysis demonstrated that in cells infected with AlfortJiv, NS2-3 was efficiently processed, resulting in the expression of large amounts of NS3 (Fig. 2C) . In contrast, large amounts of NS2-3 but only very small amounts of NS3 were detected in cells infected with parental non-cp CSFV Alfort-p447. Taken together, the cytopathogenicity of CSFV Alfort-Jiv correlates with the expression of large amounts of NS3, an essential component of the viral replicase.
Quantification of viral RNA. For the related BVDV, it was previously reported that cp viruses produce larger amounts of viral genomic RNA than non-cp viruses (13, 46, 76) . To investigate whether similar differences between cp CSFV Alfort-Jiv and non-cp Alfort-p447 exist, a CSFV-specific real-time RT-PCR analysis was performed. For comparative quantification of viral genomic RNAs, SK-6 cells were infected with cp CSFV Alfort-Jiv and non-cp CSFV Alfort-p447 at an MOI of 0.5; infections were performed in parallel with infections of cells used for the determination of growth kinetics (see above). Total cellular RNAs were prepared at 24 h p.i. and subjected to quantitative real-time RT-PCR; at this time point, the titers of infectious virus were similar for both viruses (Fig. 2B) . Two independent quantitative real-time RT-PCR analyses, each including the measurement of three independent replicates for each of the samples, revealed that after the infection of cells with cp Alfort-Jiv, the amount of accumulated viral RNA was about seven times higher than the amount obtained from non-cp Alfort-p447-infected cells (Fig. 2D and data not  shown) .
Genetic stability of CSFV Alfort-Jiv during cell culture passages. cp BVDV and CSFV genomes carrying duplications of viral sequences can undergo genetic changes including various genomic deletions. According to previously reported studies, a limited number of cell culture passages of such cp pestiviruses may result in the emergence of non-cp viruses or viral subgenomes (6, 13, 26, 27) . To examine the genetic stability of cp CSFV Alfort-Jiv during cell culture passages, a virus stock was generated using cell culture supernatant harvested 2 days after transfection with Alfort-Jiv RNA (first passage). This stock was then used for the additional nine subsequent SK-6 cell culture passages that were performed every 2 days by infecting 1.0 ϫ 10 7 naive SK-6 cells with 2 ml of supernatant derived from the previous passage. The possible emergence of non-cp CSFV during cell culture propagation of Alfort-Jiv was monitored by IF analyses of virus titrations performed with supernatants of the 2nd and 10th passages. The respective IF analyses did not provide any evidence for the emergence of non-cp virus (data not shown).
In addition, the genetic stability or instability of Alfort-Jiv was investigated by Northern blot and RT-PCR analyses by using total cellular RNAs derived from transfected and infected (2nd and 10th passages) SK-6 cells. Total cellular RNAs from cells infected with Alfort-p447 and from noninfected cells as well as synthetic Alfort-p447 and Alfort-Jiv transcripts served as controls. Northern blot analysis indicated that upon cell culture passages of Alfort-Jiv, the size of the Alfort-Jiv genome was maintained, and genomic deletions were not detectable (Fig. 3A) .
Moreover, RT-PCR analyses using oligonucleotides Alfort-170 and Alfort-1423R (Fig. 1 ) resulted in the amplification of a specific product of about 1.25 kb only when synthetic Alfortp447 RNA or total cellular RNAs from cells either transfected with Alfort-p447 RNA or infected with Alfort-p447 were used (Fig. 3B) . In contrast, specific products of the same or similar size were not obtained when synthetic Alfort-Jiv RNA or RNAs from cells transfected with Alfort-Jiv RNA or infected with Alfort-Jiv (2nd and 10th cell culture passages) were investigated (Fig. 3B) . Again, these analyses showed the absence of genomic deletions (eliminating most of or the entire C*-N pro * coding sequence) for the Alfort-Jiv-derived samples. In addition, RT-PCR analyses using oligonucleotides Alfort-411 and Alfort-994R demonstrated a specific product of about 2.1 kb (indicating the presence of the complete C*-N pro * insert) (Fig. 1) only for RNA samples obtained from cells transfected with synthetic Alfort-Jiv RNA or infected with Alfort-Jiv (2nd and 10th passages) (Fig. 3C) . Finally, the specific RT-PCR product obtained from RNA of the 10th passage of Alfort-Jiv was cloned into a bacterial vector and subjected to nucleotide sequence analysis. This demonstrated the presence of the complete and unaltered C*-N pro * insertion together with flanking viral sequences. Taken together, the results of the Northern blot and RT-PCR analyses showed that cp CSFV Alfort-Jiv was genetically stable during 10 cell culture passages.
Determination of virulence of CSFV Alfort-Jiv in piglets. Alfort-Jiv represents the first HVI CSFV strain that combines the ability to induce a CPE on different porcine cell lines with genetic stability during cell culture passages. Accordingly, Alfort-Jiv is suited to investigate whether the cytopathogenicity of CSFV correlates with changes of virulence in the natural host. To address this question, two groups of five piglets each were infected either with cp CSFV Alfort-Jiv (group 1, animals 36 to 40) or with the parental non-cp CSFV strain Alfort-p447 (group 2, animals 41 to 45). Five uninfected animals served as a control (group 3, animals 46 to 50). For the infection of animals, doses of 1.0 ϫ 10 6 TCID 50 were applied both intranasally and intramuscularly.
In the course of infection, animals infected with non-cp Alfort-p447 (group 2) developed fever from day 2 or day 3 p.i. on. Animals 41, 42, and 45 remained febrile until euthanasia at days 21, 22, and 15 p.i., respectively. Animal 43 was febrile until day 29 p.i. but showed no fever at days 7, 23, and 27 p.i. Animal 44 was febrile until day 22 p.i. In contrast, animals infected with cp Alfort-Jiv (group 1) showed slightly increased body temperatures only at days 5 and/or 6 p.i. At later time points, only animals 38 (at day 24 p.i.), 39 (at day 8 p.i.), and 40 (at days 9 and 10 p.i.) sporadically showed slightly increased body temperatures (data not shown). With regard to the five control animals (group 3), only one animal showed a slight fever at the day of inoculation. Comparison of the mean values for each group demonstrated that infection with cp Alfort-Jiv resulted in slightly increased body temperatures only at days 5 and 6 p.i., while animals infected with parental non-cp Alfort-p447 developed significantly higher fever over a considerably longer period between days 3 and 22 p.i. (Fig. 4A) .
Including the measurement of body temperatures, clinical symptoms were determined daily and evaluated within a range of 0 points (no clinical signs) and 27 points (most severe clinical symptoms) as described elsewhere previously (53) . All animals infected with non-cp Alfort-p447 (group 2) showed typical symptoms of CSF such as general depression, anorexia, conjunctivitis, obstipation, diarrhea, respiratory symptoms, ataxia, and hemorrhages to variable extents. Due to the occurrence of severe disease, animals 41 (day 21 p.i.), 42 (day 22 p.i.), and 45 (day 15 p.i.) were euthanized before the end of the experiment. Animal 43 showed a chronic course of CSF, while animal 44 showed only mild disease symptoms and recovered until the end of the experiment. In contrast, animals infected with cp Alfort-Jiv and animals from the control group did not develop disease. When comparing the mean clinical scores for each group, only group 2 displayed significant clinical scores ranging between 3.0 and 7.2 from day 7 p.i. on (Fig. 4B) .
After euthanasia, all animals were subjected to postmortem pathological examination. Animals 41, 42, 43, and 45 (group 2) showed significant pathomorphological signs of CSF to different extents, including hemorrhages in the skin, mucosa, tonsils, larynx, heart, and kidneys as well as cyanotic skin alterations; highly enlarged, edematous, and hemorrhagic lymph nodes; thymus atrophy; pneumonia; and catarrhal enteritis (data not shown). In contrast, animal 44, which recovered from disease, as well as all animals from group 1 (infected with Alfort-Jiv) and group 3 (uninfected) showed no changes typical for CSF.
It is known that infections with pestiviruses can induce leukopenia, thereby contributing to severity of disease. All animals infected with non-cp Alfort-p447 showed leukopenia to different extents. With respect to the mean values of group 2, leukocyte counts were below 10 G/liter (indicating leukopenia) from day 4 p.i. until the end of the experiment (Fig. 4C) . In contrast, animals infected with cp Alfort-Jiv showed only slightly dropping leukocyte counts until day 7 p.i., after which the group's mean leukocyte count started to rise again; however, at no time did the mean value drop below 10 G/liter (Fig.  4C) . Animals of control group 3 did not show leukopenia at any time.
To measure the extent and duration of cell-bound viremia and viral genome load, virus isolations and RT-PCR analyses were performed. For virus isolation, leukocytes were prepared from EDTA blood samples (group 1 at days 0, 4, 7, 10, and 14 p.i. and group 2 at days 7 and 10 p.i.) and used for the inoculation of porcine kidney Rie 5-1 cells. CSFV antigen was detected after one blind passage of the supernatant obtained from inoculated cells by a peroxidase-linked antibody assay. CSFV was isolated from all samples derived from animals infected with Alfort-p447. With respect to the animals infected with Alfort-Jiv, CSFV was detected only from one single sample obtained from animal 38 at day 7 p.i. (data not shown). In contrast, for all other samples derived from animals of group 2, CSFV could not be isolated. Moreover, the presence of CSFV genomic RNA in leukocyte preparations of infected animals was investigated by RT-PCR analyses. For all piglets infected with cp Alfort-Jiv, CSFV RNA was detectable only in samples derived from day 7 p.i. (Table 1 ). In contrast, samples of animals infected with Alfort-p447 were positive for CSFV higher than 40°C (threshold line) were considered to be febrile. Bars indicate standard deviations. (B) Mean clinical scores of groups 1 to 3. Clinical symptoms including body temperatures were monitored daily and evaluated within a range of 0 points (no clinical signs) and 27 points (most severe clinical symptoms) as described elsewhere previously (53) . Note that only animals of group 2 showed clinical signs of disease from day 7 p.i. Moreover, for the samples derived from day 7 p.i., two independent quantitative real-time RT-PCR analyses each including the measurement of three independent replicates for each of the samples were performed. The results obtained showed that after infection of animals with Alfort-p447, the amounts of viral RNA were about 5 to 50 times higher than the amounts of viral RNA present in samples from animals infected with Alfort-Jiv (Fig. 5) . Taken together, the analyses of clinical scores including body temperatures, postmortem examination, leukocyte counts, the reduced duration of both CSFV viremia and genome load in leukocytes, and the significantly smaller amounts of viral RNA present in leukocytes at day 7 p.i. demonstrate that cp CSFV Alfort-Jiv is highly attenuated in the natural host compared to the parental non-cp CSFV strain Alfort-p447.
Induction of neutralizing antibodies. To determine whether and to what extent infections with Alfort-p447 and Alfort-Jiv led to the induction of CSFV-neutralizing antibodies, virus neutralization assays were performed. For all animals infected with Alfort-Jiv, moderate to high levels of CSFV-neutralizing antibodies that reached reciprocal serum titers of more than 300 50% neutralizing doses at day 21 p.i. were induced (Fig.  6A) ; similar titers of neutralizing antibodies are induced after natural infection of pigs with low-virulent CSFV field strains and after vaccination with currently used vaccines. In contrast, for piglets infected with Alfort-p447, only animal 44, which recovered from infection, reached similar titers of neutralizing antibodies, while for the remaining animals that showed an acute lethal or chronic courses of CSF, either no or only low titers of neutralizing antibodies were detected (Fig. 6B) .
Viral growth of cp and non-cp CSFV in porcine PK-15 cells and effects on expression of IRF3 and the Mx protein. Our animal study revealed that in contrast to parental non-cp CSFV Alfort-p447, cp CSFV Alfort-Jiv is highly attenuated in pigs. It was therefore interesting to examine whether cp CSFV differs from non-cp CSFV with respect to the known interference with cellular antiviral defense mechanisms by non-cp pestiviruses (7, 8, 19, 33, 40, 64, 65, 68, 69) . For these experiments, porcine type 1 IFN-competent PK-15 cells were used, as it was previously reported that SK-6 cells cannot be stimulated to produce type 1 IFN (65) . Comparative analysis of viral replication in PK-15 cells revealed that the viral growth kinetics of Alfort-Jiv and Alfort-p447 were almost identical (Fig. 7A) . Compared to viral replication in SK-6 cells (Fig. 2B) , the peak titers of Alfort-p447 and Alfort-Jiv produced in PK-15 cells were about 15 and 50 times lower, respectively. Furthermore, in PK-15 cell cultures treated with 1.1 nanogram of recombinant human IFN-␣2a per milliliter (added 1 h prior to infection), the titers obtained 24 h and 48 h after infection with cp Alfort-Jiv were about 100-to 200-fold lower than those for parallel infections of untreated PK-15 cells (Fig. 7B) . A similar but slightly lower reduction of virus titers (about 20-to 50-fold) was also observed after infection of IFN-treated PK-15 cells with non-cp Alfort-p447. The addition of IFN at 14 h prior to infection with cp and non-cp CSFV led to very similar results (data not shown).
It has been established that pestiviruses counteract the antiviral type 1 IFN system by targeting IRF3 for proteasomedependent degradation; the loss of IRF3 in infected cells is due to the action of the pestiviral N-terminal autoprotease N pro (8, 33, 40, 64) . One of the best-characterized antiviral proteins induced by type 1 IFNs is the Mx protein (31) . To investigate the effects of cp and non-cp CSFV on the expression of IRF3 and the induction of Mx in PK-15 cells, cell lysates were prepared at 24 h and 48 h p.i., and aliquots of 2 ϫ 10 4 and 2 ϫ 10 5 cells were subjected to immunoblot analysis using an anti-IRF3 antiserum and an anti-Mx MAb, respectively. Infection with cp and non-cp CSFV resulted in the complete loss of IRF3 at 48 h p.i., while small amounts of IRF3 were detectable at 24 h p.i. (Fig. 7C) . Interestingly, infection with cp Alfort-Jiv caused the induction of Mx expression despite the degradation of IRF3 (Fig. 7D) . In contrast, Mx was not induced by non-cp Alfortp447. Taken together, these findings indicate that the attenu- Group 1 36 ation of cp Alfort-Jiv in the animal correlates with the induction of cellular antiviral defense.
DISCUSSION
A remarkable feature of all established pestivirus species including BVDV and CSFV is the existence of cp and non-cp viruses. A number of studies concentrated on the characterization of genomes and biological properties of various cp BVDV strains, while our knowledge about the cytopathogenicity of CSFV is limited. In particular, it is not known so far whether cp CSFV differs from non-cp CSFV with respect to virulence. In this study, we have generated Alfort-Jiv, a novel type of cp CSFV, by introducing a Jiv90-containing fragment into the genome of moderately virulent non-cp CSFV strain Alfort-p447. Our analyses demonstrated that (i) the protein encompassing Jiv90 is able to induce the cleavage of NS2-3 of CSFV in trans, (ii) the cytopathogenicity of CSFV Alfort-Jiv correlates with enhanced viral RNA replication, (iii) cp CSFV Alfort-Jiv is strongly attenuated in its natural host, and (iv) the attenuation of cp CSFV correlates with its inability to block the induction of the antiviral Mx protein.
In contrast to cp BVDV, all known cp CSFV field isolates represent helper virus-dependent subgenomes that lack the genomic region encoding the structural proteins as well as N pro , p7, and NS2 (2, 3, 36, 51) . Accordingly, all previous studies that investigated biological differences between cp and non-cp CSFV isolates compared the properties of non-cp CSFV in the presence and absence of such cp CSFV subgenomes. Recently, we reported the generation of the first helper virus-independent cp CSFV strain CP G1 that is capable of inducing a CPE on various porcine and bovine cell lines (27) . FIG. 6 . Induction of neutralizing antibodies against CSFV. Neutralizing antibody (nAb) titers are given for serum samples derived from animals infected with cp CSFV Alfort-Jiv (group 1, animals 36 to 40) (A) or non-cp Alfort-p447 (group 2, animals 41 to 45) (B). Blood samples were taken at the indicated time points, and reciprocal neutralizing antibody titers were determined by a neutralization peroxidase-linked antibody assay as 50% neutralizing doses (ND50) using Alfort-p447 as the test virus. Animals 41 (day 21 p.i.), 42 (day 22 p.i.), and 45 (day 15 p.i.) were euthanized before the end of the animal experiment due to the occurrence of severe clinical symptoms. Note that high titers of neutralizing antibodies were induced after infection with cp CSFV Alfort-Jiv (all animals of group 1), whereas for animals infected with parental non-cp CSFV Alfort-p447 (group 2), only animal 44 developed significant titers.
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Unfortunately, this cp CSFV strain, whose genome contains duplicated viral sequences together with an insertion of ubiquitin-coding sequences, was shown to be genetically unstable, resulting in various kinds of deletions during a limited number of tissue culture passages. Therefore, this strain was not appropriate to study the virulence of cp CSFV in the natural host. In contrast, cp CSFV strain Alfort-Jiv described in this study combines helper virus-independent replication and genetic stability during propagation in tissue culture cells and thus is well suited to compare the properties of cp and non-cp CSFV in both susceptible cells and the natural host. The cytopathogenicity of pestiviruses including BVDV, BDV, and CSFV has been shown to correlate with the expression of large amounts of NS3, the C-terminal part of NS2-3 (5, 9, 20, 21, 23, 27, 30, 51) . The genetic background and the resulting molecular mechanisms that lead to the efficient release of free NS3 are remarkably diverse among cp pestivirus genomes, including (i) genomic deletions fusing the translation start codon (51) or the autoprotease N pro gene (72) directly to the 5Ј end of the viral NS3 gene, (ii) duplicated viral sequences located in the NS2 gene (70) , (iii) point mutations in the NS2 gene (37) , and (iv) the insertion of cleavage sites for cellular proteases directly upstream of NS3 (6, 12, 16, 25, 71) . Representing yet another different prototype of cp pestiviruses, Alfort-Jiv contains Jiv-coding sequences, which are part of the cp BVDV CP8-derived insertion C*-N pro * (55). Apart from BVDV CP8 and CSFV Alfort-Jiv, the genomes of several other cp pestivirus strains contain Jiv-coding sequences that are either also located in the 5Ј-terminal genomic region (56) or inserted into the NS2 gene (see, for example, references 5, 9, and 46). Jiv is known to induce the cleavage of BVDV NS2-3 in cis (46) and in trans (59), a mechanism that is based on the activation of the NS2 autoprotease (38, 39) . The results of our in vitro experiments with CSFV Alfort-Jiv show that Jiv also activates the NS2 autoprotease of CSFV in trans and thereby leads to the expression of large amounts of NS3 (Fig. 2C ) and viral cytopathogenicity (Fig. 2A) . The former observation is supported by recently published data. The expression of CSFV NS2-3-4A in the presence of cofactor Jiv90 was shown to result in the cleavage of NS2-3; this cleavage could be completely abolished by mutations of the catalytic histidine and cysteine residues within NS2 (54). Moreover, our study showed that after the infection of cells with cp Alfort-Jiv, the amount of accumulated viral RNA was significantly higher than that obtained from non-cp Alfort-p447-infected cells (Fig. 2D) . Similar differences concerning the efficiency of viral RNA synthesis were reported previously for isogenic pairs of cp and non-cp BVDV (13, 46, 76) . Taken together, NS2-3 cleavage and the resulting expression of large amounts of NS3, enhanced viral RNA replication, as well as viral cytopathogenicity are closely linked processes and represent common properties of cp Jiv-90 expressing pestiviruses including CSFV. For BVDV, it is well known that the emergence of cp viruses in animals persistently infected with non-cp BVDV results in the induction of a severe and deadly disease, i.e., mucosal disease, while acute infections of naive nonpregnant animals with cp BVDV usually do not cause disease. For closely related CSFV, only helper virus-dependent cp field isolates have been reported. According to the literature, experimental infections of pigs with such combinations of cp subgenomes and non-cp helper viruses led to contradictory results, suggesting that the virulence of such combinations is either slightly increased (36) or attenuated (3) compared to that of the non-cp virus only. Therefore, it is not known so far whether HVI cp CSFV differs from non-cp viruses with respect to virulence. The results of our animal study show that in contrast to infection with moderately virulent non-cp CSFV Alfort-p447, infections with cp CSFV Alfort-Jiv did not cause disease including fever and leukopenia. Moreover, after infection of pigs with Alfort-Jiv, viremia was either not detectable or strongly restricted, and the duration of CSFV genomic load in leukocytes was significantly limited. Taken together, our results demonstrate that HVI cp CSFV is strongly attenuated in pigs.
Attenuation of viruses can result from various genetic changes that may lead to a general restriction of viral replication in susceptible cells or influence interactions between virus and host. It was previously reported that the virulence of non-cp CSFV can be significantly reduced by different kinds of mutations including, e.g., the deletion of the viral N pro gene (45, 74) , mutations abrogating the RNase activity of viral glycoprotein E rns (48) , mutations of N-glycosylation sites within the envelope proteins (62, 66) , or the replacement of partial or entire E2 coding sequences by corresponding sequences from an avirulent CSFV vaccine strain (60, 61) . The cp and non-cp CSFV strains compared in this study differ in a 1.539-kb insertion representing the genetic basis for cytopathogenicity of Alfort-Jiv in susceptible cells. As our in vitro studies clearly demonstrated that the insertion present in the genome of Alfort-Jiv had no negative effect on virus growth but rather increased the efficiency of viral replication and viral RNA synthesis ( Fig. 2B and D and 7A ), it appears very unlikely that the attenuation of cp CSFV Alfort-Jiv is the result of an intrinsic restriction of viral replication due to the large insertion of cp CSFV Alfort-Jiv in the genome. Alternatively, the attenuation of Alfort-Jiv including the observed strong reduction of viral replication in the animal might be due to differences in terms of antiviral defense.
The induction or suppression of antiviral defense mechanisms by pathogenic viruses significantly influences their ability to cause disease in the infected host (31) . It is known that non-cp pestiviruses prevent the induction of type 1 IFN and thereby the expression of IFN-inducible antiviral proteins such as Mx (19, 64, 65, 68, 69) . This property is mediated by the viral protein N pro , which targets IRF3 for proteasome-dependent degradation (8, 33, 38, 64) . In contrast to non-cp pestiviruses, cp BVDV and cp helper virus-dependent CSFV subgenomes are characterized by uncontrolled RNA genome replication and the inability to block an IFN response to double-stranded RNA (7, 39, 69) . Our analysis demonstrated that infection of porcine PK-15 cells with helper virus-independent cp CSFV resulted in the induction of Mx expression, while infection with the parental non-cp CSFV did not (Fig. 7D) . Accordingly, the attenuation of Alfort-Jiv is linked to its inability to block the induction of Mx, which is significantly implicated in host antiviral defense. Similar results have been reported for genetically engineered non-cp CSFV strains either lacking the N pro gene or encompassing mutations abrogating the RNase activity of E rns ; these CSFV mutants are limited in their ability block the type 1 IFN system and are also attenuated in the natural host (45, 48, 74) . In contrast to CSFV mutants lacking the N pro gene, infection with cp Alfort-Jiv resulted in a complete loss of IRF3 (Fig. 7C) . This suggests that the induction of Mx expression in cells infected with cp Alfort-Jiv may be independent of IRF3-dependent type 1 IFN induction. According to investigations of human and murine cells, it is believed that Mx is induced exclusively via signaling through the type 1 IFN receptor (77) . However, a recent study provided evidence that in bovine cells, Mx can also be induced via a type 1 IFN signalingindependent pathway (68) . Future studies will include analysis of IFN-␤ bioactivity in the supernatant of cp CSFV-infected cells in order to clarify whether the observed Mx expression is actually IFN-␤ independent. Furthermore, it will be interesting to study the effects of cp and non-cp CSFV on cellular antiviral defense in more detail, including investigations of primary target cells.
The ability of viruses such as non-cp CSFV to block the induction of IFN not only is important with respect to innate immune reactions against viral infections but also impacts the efficacy of adaptive immune responses, as type 1 IFNs are potent enhancers of immune responses (35, 42, 58) . We show here for the first time that HVI cp CSFV induces the expression of Mx and that this stimulation of cellular antiviral defense observed in vitro correlates with strongly reduced viral replication and attenuation in the natural host. While it can be assumed that the reduced replication of cp Alfort-Jiv in the animal might result in a limited immunological response, the results of our study demonstrated that the amount of viral antigen produced after infection with Alfort-Jiv is apparently sufficient to elicit high titers of neutralizing antibodies. Taken together, HVI cp CSFV represents a promising candidate for the development of attenuated live virus vaccines against CSF with potent immunogenic properties.
